A simple and effective route has been developed for the synthesis of bimodal (3.6 and 9.4 nm) mesoporous silica materials that have two ordered interconnected pore networks.
Introduction
Porous materials have found wide applications in many fields of chemistry such as catalysis, adsorption, electronics and environmental technology because of their high surface area coupled with many other physical and chemical properties [1] [2] [3] [4] [5] . Recently, there has been a rapid growth in emerging research areas such as nanotechnology, photonics and bioengineering, which require porous structures with well-defined structural, interfacial, compositional and morphological properties. However, these applications often require materials with porosity at multiple length scales. For example, it was reported that a hierarchical combination of pores reduces transport limitations in catalysis, resulting in higher activities and better controlled over selectivity 6 . The development of hierarchical porous materials has therefore attracted much interest over the past few years and in the literature many papers are focused on the synthesis of meso-macro, micro-macro or micro-mesoporous materials [7] [8] [9] [10] [11] [12] [13] [14] . However, only few of them deal with bimodal systems having two types of mesopores [15] [16] [17] [18] [19] [20] . In addition, the recovered materials either adopt disordered bimodal mesopore arrangements or ordered mono-modal mesopore with small size template molecular systems embedded in larger entities. One strategy to prepare these bimodal mesoporous materials consists in using a well-defined proportion, or two kinds of micelles enriched in one of the two components can be formed. In fact, fluorinated surfactants have chemical and physical properties that are different from hydrogenated ones. Due to the difference in polarities between the fluorocarbon and hydrocarbon chains, nonideal net repulsive interactions can occur.
Therefore, these surfactant mixtures appear to be excellent candidates to design bimodal mesostructures. Rankin et al. have adopted this methodology to synthesize bimodal mesoporous silica by the cooperative assembly of hydrolyzed tetraethoxysilane (TEOS) with a mixture of ionic fluorinated and hydrogenated surfactants 19 . Although the authors succeed in tailoring the bimodal pore size by adding lipophilic or fluorophilic oils, disordered wormholelike pores are formed. Antionetti et al. have also reported the synthesis, from mixed micellar solutions of nonmiscible fluorinated and hydrogenated surfactants, of mesoporous silica monoliths with bimodal pore size distribution via the nanocasting process 18 . Nevertheless, to the best of our knowledge no bimodal mesoporous materials with two ordered mesoporous networks have been yet synthesized. In this paper we report this kind of mesostructures. Our strategy is based on the use of a mixture of polyoxyethylene fluoroalkyl ether and triblock copolymer as building block to design the bimodal silica mesoporous through the self assembly mechanism (CTM).
Materials and methods
The used fluorinated surfactant, which was provided by DuPont, has an average chemical structure of C 8 F 17 C 2 H 4 (OC 2 H 4 ) 9 OH. It is labeled as R F 8 (EO) 9 . The hydrophilic chain moiety exhibits a Gaussian chain length distribution and the hydrophobic part is composed of well defined mixture of fluorinated tails. The selected triblock copolymer is the Pluronic P123
(EO) 20 (PO) 70 (EO) 20 , which was purchased from Aldrich. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Mesoporous material preparation : In a typical synthesis, 0.9 g of R The obtained samples are sealed in Teflon autoclaves and heated at 80 °C for 1 day. The final products are recovered after ethanol extraction with a Soxhlet apparatus during 48 hours. We have reported that under these synthesis conditions, a hexagonal pore ordering can be obtained from the self-assembly mechanism by using the fluorinated surfactant 29, 30 . To free the pores either the calcination method, which can damage the materials, or the solvent extraction, can be employed. Nonionic surfactants appear to be excellent candidates for the second approach. Indeed, due the weaker interactions between the entities, the removal of these surfactants can easily be achieved by solvent extraction. In addition, the efficiency of the fluorinated surfactant removal has also been followed by infrared (see supporting information S1). No evidence of CF absorption is observed on the FTIR spectrum. The quantity of R F 8 (EO) 9 , that remains after extraction is expected to be negligible. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electron microscopy (TEM) analysis were prepared by crushing some material in ethanol.
Afterwards a drop of this slurry was dispersed on a holey carbon coated copper grid. A Philips CM20 microscope, operated at an accelerating voltage of 200 kV, was used to record the images. N 2 adsorption and desorption isotherms were determined on a Micromeritics TRISTAR 3000 sorptometer at -196 °C. The pore diameter and the pore size distribution were determined by the BJH (Barret, Joyner, Halenda) 31 method applied to the adsorption branch of the isotherm. Dynamic Light Scattering (DLS) experiments were performed with a Malvern 300HSA Zetasizer instrument.
Results and discussion
When mesoporous materials are prepared through the CTM mechanism, the surfactant has to form micelles in water; it is well known that both R 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 leads to only one type of micelles, which diameter is at around 18-19 nm, value close to the size of the P123 micelles. Hence, to prepare the mesoporous materials, the proportion of P123 in the surfactant mixture was kept lower than 0.3.
The SAXS pattern of the mesoporous materials prepared from a R F 8 (EO) 9 micellar solution at 10 wt.% exhibits three reflections at q ratios 1:√3:2, consistent with a hexagonal symmetry (Fig. 2a) . A type IV isotherm is obtained by nitrogen adsorption-desorption analysis and a H1 type hysteresis loop. The pore size distribution is quite narrow and centered at 3.6 nm (data not shown). It should be noted that under the synthesis conditions reported here, no material is recovered when the synthesis is carried out from a pure micellar solution of P123. As shown in Figure 2 , when P123 is added to R F 8 (EO) 9 , in addition to the reflection lines at 5.3 and 3.1 nm, another peak located at 11.2 nm is detected (Fig. 2b) . Reaching a weight fraction of 0.1 of block copolymer in the mixture, two supplementary lines at 6.4 and 5.6 nm also appear on the SAXS pattern (Fig. 2c) . The relative position of the new peaks is in agreement with a hexagonal mesopore ordering. Thus, the SAXS analysis evidences the presence of two hexagonal channel arrangements. The coexistence of the two structures is further confirmed by the transmission electron microscopy (TEM) images of the sample. Indeed, as depicted in Figure 3 , the hexagonal stacking of the two types of channels is evidenced by the TEM analysis. The micrographs show regions of small mesopores and regions of large mesopores.
This confirms the results obtained by DLS analysis that two kinds of micelles co-exist in this system. Moreover, looking carefully at Figure 3 , the two mesopore networks are connected. Figure 4 shows the nitrogen adsorption-desorption isotherms of the samples prepared with a 0.05 (Fig. 4a ) and 0.10 ( Fig. 4b) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 steps. This suggests the presence of two pore systems with different diameters are present arranged in a three-dimensional pore structure 15 . BJH model analysis of these materials provides two narrow peaks centered at 3.6 nm and 9.4 nm in the pore size (Fig. 4B) . With the increase of the P123 content in the surfactant mixture the component at 9.4 nm increases while the one at 3.6 nm decreases. However, no significant variation of both mesopore sizes is detected. This phenomenon suggests that the size of each type of micelles remains slightly unchanged, which is in agreement with the results obtained by DLS analysis.
The increase of P123 proportion in the surfactant mixture over 0.1 induces the progressive disappearance of the smaller mesopores. As a matter of fact, on the SAXS pattern, the reflections at 5.3 and 3.1 nm; associated to the smaller mesopores are not detected anymore (Fig. 2d,e) . Moreover, the secondary reflections, characteristic of the bigger mesopores arrangement become less resolved, meaning that its disorganization has begun. This phenomenon can also be noticed from the nitrogen adsorption-desorption analysis (Fig. 5) .
Indeed, the inflection point at p/p 0 = 0.5 disappears as well as the component of the pore size distribution related to the smaller pore diameters. At the same time, the second distribution becomes broader (Fig. 5Ba,b) .
The investigation of the R 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 kinds of micelles depends on the ratio between the two surfactants. For a P123 weight fraction lower than 0.15, when the silica source is added to the surfactant solution having a total concentration equal to 10 wt.%, hydrogen-bonding interactions between the oxygen atoms of the oxyethylene groups of the two micelles types and hydrogen atoms of the hydrolyzed TMOS are formed. These interactions lead to the formation of two organic-inorganic mesophases. During the material preparation, the silica source polymerizes both around the two kinds of micelles. Finally, the hydrothermal treatment at 80 °C completes the assembly and the polymerization of the silica source. After surfactant removal, bimodal mesoporous materials having two ordered mesopore networks are obtained. The first one arises from the fluorinated micelles and the mesopore size is around 3.6 nm. The second, which is responsible of the pore size distribution centered at 9.4 nm, comes from the fluorinated micelles that have accommodated the P123 molecules. The scheme proposed in Figure 6 illustrates the formation of these bimodal ordered mesoporous materials.
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Conclusion
Bimodal mesoporous silica with two hexagonal ordered mesopore networks have been synthesized through the self assembly mechanism from a micellar solution of fluorinated and triblock copolymer surfactants, which contains two types of micelles. DLS measurements indicate that the proportion between the two kinds of micelles depends on the ratio between the two surfactants. It should also be noted that both the fluorinated and the P123 surfactants, when used separately only lead to the formation of mono-modal mesoporous materials. Thus, the results reported here clearly show that the bimodality is due to the template.
As long as the two networks are present, no significant variation of both mesopore sizes is detected with the variation of the P123 content in the surfactant mixture.
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